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Abstract—Synchronous buck converters generate electromag-
netic emissions which may violate the limits specified in the
regulations. Spread-spectrum is an effective technique for reduc-
ing the electromagnetic interference of switching devices. The
reduction of the magnitude of the first harmonic by the spread-
spectrum technique is mainly in focus in the literature. In this
paper, the impact on the higher-order harmonics and on the
radiated emissions is analyzed. A non-regulated synchronous
buck converter is used as a device under test. The radiated
emissions of the converter are calculated from the measurements
performed by a transverse electromagnetic cell and a hybrid
coupler. The measurements are performed for different values of
the parameters of the spread-spectrum technique and a reduction
of up to 5.7 dB is obtained.
Index Terms—electromagnetic compatibility, electromagnetic
interference, power conversion, switched-mode power supply,
transverse electromagnetic cell.
I. INTRODUCTION
Synchronous buck converters are sources of electromagnetic
(EM) interference which is a result of the switching operation
and high di/dt and dv/dt [1], [2]. The levels of the gener-
ated EM interference may violate the limits specified in the
regulations [3].
Spread-spectrum has been employed recently as an effective
technique for reducing the EM interference of switching
devices [4]–[8]. The focus in these papers is placed on
reducing the magnitude of the first harmonic. However, the
first harmonic may not be the only one which violates the
limits. For example, the maximum value of the radiated
emissions of synchronous buck converters typically occurs in
the frequency range from 50 to 300 MHz [9], although the
switching frequency (i.e. the frequency of the first harmonic)
is typically not larger than a few MHz.
In this paper, the impact of the spread-spectrum technique
on the higher-order harmonics and on the radiated emissions
of a non-regulated synchronous buck converter is analyzed.
The spread-spectrum technique is applied to the control signal
of the converter. The radiated emissions of the converter are
calculated from the equivalent model of dipole moments.
The dipole moments are extracted from the measurements
performed by a transverse electromagnetic (TEM) cell and a
hybrid coupler [10], [11]. The measurements are performed
for different parameters of the spread-spectrum technique.
Section II describes the principle of operation of the spread-
spectrum technique and its impact on the higher-order har-
monics. Section III presents the impact of applying the spread-
spectrum technique to the radiated emissions of a synchronous
buck converter. Section IV concludes the paper.
II. SPREAD-SPECTRUM TECHNIQUE
A. Principle of Operation
Spread-spectrum techniques aim at spreading the energy
of a narrowband signal into its adjacent band by introducing
new spectral components in the frequency spectrum. This is
beneficial from the EM compatibility point-of-view since the
magnitudes of all resulting components are smaller than the
magnitude of the corresponding harmonic before the technique
is applied because the total energy of the signal is conserved.
Among different spread-spectrum techniques, this paper
considers the frequency modulation (FM) of a control signal.
The parameters of the FM are the modulation frequency fm,
frequency deviation ∆f and modulation function f(fm). The
impact of spreading the spectrum of the harmonics is also
determined by all three parameters. Most of the energy of
the signal is spread into the Carson’s bandwidth defined by
∆f [12]. The modulation function defines the shape of the
spectrum, while fm defines the separation of the spectral
components. Increasing ∆f or decreasing fm introduces more
spectral components within the Carson’s bandwidth, thus
reducing the average magnitude of these components. The
modulation index m combines the two parameters as:
m = ∆f/fm. (1)
B. Impact of the Spread-Spectrum Technique on Higher-Order
Harmonics
By applying the FM to the converter control signal (assumed
to be a clock signal at the frequency fsw), the result is the same
as if applying the FM with different modulation parameters
to each harmonic. In detail, all harmonics are modulated
by the same modulation frequency fm, while the frequency
deviation of the n-th harmonic is n times larger than ∆f
of the fundamental frequency. Let the apparent frequency
deviation ∆fn be defined as the frequency deviation of the
n-th harmonic, calculated as:
∆fn = n ·∆f. (2)
The apparent modulation index, i.e. the modulation index
seen by the n-th harmonic, can be calculated as:
mn =
∆fn
fm
=
n ·∆f
fm
= n ·m. (3)
The choice of ∆f is typically a trade-off. High values max-
imize the impact of the spread-spectrum technique. However,
the upper value of ∆f is always limited by the impact of
the spread-spectrum technique on the other characteristics of
the switching device which can be tolerated for a specific
application, such as the efficiency and the ripple of the output
voltage in the case of synchronous buck converters.
Furthermore, increasing ∆f leads to the overlap of the
bands where the energy of higher-order harmonics is spread,
with a possible reduction in the spread spectrum effectiveness.
This occurs because the apparent frequency deviation ∆fn
increases linearly with the index of the harmonic, while the
separation of two adjacent harmonics is fixed and equal to
fsw. Referring to the generic n-th harmonic, the overlap may
occur both in the upper and lower frequency bands. The
overlap of the n-th harmonic, some lower n1-th harmonic and,
consequently, of all harmonics in between occurs if the sum
of the apparent frequency deviation is larger than the distance
between the two harmonics. The expression can be written as:
n ·∆f + n1 ·∆f ≥ (n− n1) · fsw. (4)
Equivalently, the overlap of the n-th, some higher n2-th
harmonic and of all harmonics in between occurs if:
n ·∆f + n2 ·∆f ≥ (n2 − n) · fsw. (5)
Re-arranging (4) and (5) allows to compute the index of
the lowest overlapped harmonic nlow and that of the highest
overlapped harmonic nup for a given n, ∆f and fsw:
nlow =
⌈
n · fsw −∆f
fsw + ∆f
⌉
, (6)
nup =
⌊
n · fsw + ∆f
fsw −∆f
⌋
. (7)
III. SYNCHRONOUS BUCK CONVERTER
A. Designed Converter
The converter analyzed in this paper is a non-regulated syn-
chronous buck converter based on the device NCP5369 [13].
The simplified schematic of a synchronous buck converter is
shown in Fig. 1. The device NCP5369 integrates a low-side
(LS) field effect transistor (FET), a high-side (HS) FET, a
digital control circuitry and a driving circuitry in one 40-pin
package. The control signal (i.e. the pulse width modulation
(PWM) signal) is generated by a signal generator and it is
applied to the PWM input pin of the device.
The converter is designed on a 1.55-mm thick 2-layer
printed circuit board (PCB). All components are placed on the
top layer. The bottom layer is a solid ground plane. The input
decoupling network consists of four (1 µF, 10 µF, 22 µF and
100 µF) multilayer ceramic capacitors (MLCCs). The output
filter consists of one 1-µH inductor and three MLCCs (1 µF,
10 µF, 22 µF). The top view of the PCB is shown in Fig. 2.
The red circle in Fig. 2 indicates the position of a ra-
diating loop which is typically the dominant source of the
radiated emissions of synchronous buck converters [9], [14].
The radiating loop is a consequence of the resonance in
the input decoupling network. The resonance occurs between
the capacitance of the FET in the off-state and the parasitic
inductance of the input decoupling network LIDN [9], [14].
The time-domain measurements are performed to validate
the operation of the converter. The voltage of the switching
node in the steady-state operation measured by a 300-MHz
bandwidth oscilloscope is shown in Fig. 3. The efficiency of
the converter is calculated from the measured data as:
η =
VOUT · IOUT
VIN · IIN . (8)
The efficiency as a function of the switching frequency and
for three values of the input voltage while keeping the output
voltage fixed at 1.8 V is shown in Fig. 4. The peak efficiency
of 93.1% is obtained.
The spread-spectrum technique is applied to the converter
under the test conditions as follows. The converter converts
the input voltage of 6 V into the output voltage of 1.8 V.
The output current is set to 3 A by the electronic load.
The switching frequency is set to 1.25 MHz. Under these
conditions, the measured efficiency is 89.1%.
B. Calculation of the Radiated Emission
The analyzed converter is assumed to be an electrically
small antenna. Its radiation characteristics are modelled by
5 collocated orthogonal dipole moments (3 magnetic and 2
electric, the third electric dipole moment cannot be measured
by the measurement setup because of the dimensions of the
TEM cell and PCB). The dipole moments are extracted from
the measurements performed by the TEM cell and hybrid
coupler [10], [11]. The schematic representation of the mea-
surement setup is shown in Fig. 5. The TEM cell is used as
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Fig. 1. Simplified schematic of a synchronous buck converter.
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Fig. 2. Top view of the PCB. The red circle indicates the position of the
radiating loop which is typically the dominant source of the radiated emissions
of synchronous buck converters.
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Fig. 3. Voltage of the switching node in the steady-state operation
(t0 >> 1/fsw). A resonance, which is typically the dominant source of the
radiated emissions, can be seen at the rising edge.
a near-field sensor of the generated fields, while the hybrid
coupler is used to separate the contributions of the electric
and magnetic dipole moments.
Positioning the converter in the TEM cell as shown in
Fig. 5 allows to extract one electric and one magnetic dipole
moment of the converter. The converter is rotated inside the
TEM cell in three orthogonal dipole positions to extract other
dipole moments. The modular board system, which allows
to position the converters inside the TEM cell in different
positions, and the procedure for calculating the radiated fields
from the extracted dipole moments are described in [10], [11].
C. Impact of the Spread-Spectrum Technique
The analysis of the impact of the spread-spectrum technique
on the radiated emissions of the converter is performed by
applying the modulation to the control signal. The modulation
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Fig. 4. Measured efficiency of the designed converter as a function of the
switching frequency and for three values of the input voltage while keeping
the output voltage fixed at 1.8 V.
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Fig. 5. Schematic representation of the measurement setup for the extraction
of the dipole moments of the measured converter.
TABLE I
PARAMETERS OF THE APPLIED MODULATION.
Description Parameter Value
Modulation function f(fm) triangular
Modulation index m 1, 2, 5, 10, 20, 50, 100
Frequency deviation ∆f [kHz] 50, 100, 200
function f(fm) is generated internally by the same signal
generator that generates the control signal. The parameters of
the applied modulation are given in Table I. The parameters
fm and ∆f are varied in the same range of values as in [7],
while only the triangular modulation function is considered
for simplicity.
The measurements of the coupling to the TEM cell are
performed by an EMI receiver and a peak detector. These
measurements are used to calculate the radiated emissions of
the converter at a distance of 10 m. The calculated radiated
emissions before and after applying the spread-spectrum tech-
nique are shown in Fig. 6. The emissions after applying the
spread-spectrum technique are shown for the parameters of the
modulation which give the largest reduction (∆f = 200 kHz,
m = 50). The maximum value of the radiated emissions before
applying the spread-spectrum technique is 13.8 dB µV/m at
121.25 MHz, i.e. at the 97th harmonic. The impact of the
spread-spectrum technique is evaluated as the difference of
the maximum value before and after applying the spread-
spectrum technique. The impact for different parameters of
the modulation is shown in Fig. 7.
The maximum reduction of the peak level of the first
harmonic in [7] is approximately 7, 9 and 11 dB for ∆f
equal to 50, 100 and 200 kHz, respectively. The level of
reduction increases with ∆f . Here, the maximum reduction
is approximately 6 dB for all three values of ∆f . Although
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Fig. 6. Comparison of the spectrum before and after applying the spread-
spectrum technique.
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Fig. 7. The impact for different parameters of the modulation evaluated as
the difference of the maximum value before and after applying the spread-
spectrum technique.
the apparent modulation index is very large in these cases, the
reduction is smaller than in [7] because of two reasons.
The first one is the overlap of the higher-order harmon-
ics, which limits the effectiveness of the spread-spectrum
technique. The indexes of the lowest and highest harmonics
overlapped with the 97th harmonic for ∆f of 50, 100 and
200 kHz calculated by (6) and (7) are given in Table II.
The second reason is a different resolution bandwidth
(RBW) used for the measurements of conducted and radiated
emissions. The RBW is equal to 9 kHz for the conducted,
while it is equal to 120 kHz for the radiated emissions [3]. The
resolution bandwidth defines the separation of two harmonics
which can be resolved by the EMI receiver. In terms of
the spread-spectrum, it determines how effective the spread-
spectrum can potentially be. A smaller RBW means that more
spectral components can be used to spread the energy of the
harmonic. Considering the values of the RBW, the spread-
spectrum technique is potentially more effective in reducing
the conducted than in reducing the radiated emissions.
TABLE II
INDEXES OF THE HARMONICS OVERLAPPED WITH THE 97TH HARMONIC
(n = 97).
∆f ∆fn Number of overlapped harmonics
[kHz] [kHz] nlow nup calculated as nup − nlow + 1
50 4850 90 105 16
100 9700 83 113 31
200 19400 71 133 63
Despite this and despite the fact that 63 harmonics are over-
lapped (for ∆f = 200 kHz), the spread-spectrum technique
reduces the radiated emission of the designed synchronous
buck converter by up to 5.7 dB.
IV. CONCLUSION
The impact of the spread-spectrum technique on the radiated
emissions of a synchronous buck converter is analyzed. The
converter operates at the switching frequency of 1.25 MHz.
The maximum value of the radiated emissions occurs at
121.25 MHz, which is the 97th harmonic. For the frequency
deviation of 200 kHz, the 97th harmonic is overlapped with
62 adjacent harmonics. This limits the effectiveness of the
spread-spectrum technique in reducing the radiated emissions.
Despite the overlap, the reduction of up to 5.7 dB is obtained.
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